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currents have been an integral part of the field of electrophysiology since its inception. Biophysical modeling of action potential
propagation begins with detailed ionic current models for a patch of membrane within a distributed cable model. Voltage-clamp
techniques have revolutionized clinical electrophysiology via the characterization of the transmembrane current gating variables;
however, this kinetic information alone is insufficient to accurately represent propagation. Other factors, including channel
density, membrane area, surface/volume ratio, axial conductivities, etc., are also crucial determinants of transmembrane
currents in multicellular tissue but are extremely difficult to measure. Here, we provide, to our knowledge, a novel analytical
approach to compute transmembrane currents directly from experimental data, which involves high-temporal (200 kHz)
recordings of intra- and extracellular potential with glass microelectrodes from the epicardial surface of isolated rabbit hearts
during propagation. We show for the first time, to our knowledge, that during stable planar propagation the biphasic total
transmembrane current (Im) dipole density during depolarization was ~0.25 ms in duration and asymmetric in amplitude
(peak outward current was ~95 mA/cm2 and peak inward current was ~140 mA/cm2), and the peak inward ionic current (Iion)
during depolarization was ~260 mA/cm2 with duration of ~1.0 ms. Simulations of stable propagation using the ionic current
versus transmembrane potential relationship fit from the experimental data reproduced these values better than traditional ionic
models. During ventricular fibrillation, peak Im was decreased by 50% and peak Iion was decreased by 70%. Our results provide,
to our knowledge, novel quantitative information that complements voltage- and patch-clamp data.INTRODUCTIONThe quantitative characterization of transmembrane poten-
tial (Vm) and transmembrane currents has been an integral
part of the field of cardiac electrophysiology since its
inception. The total transmembrane current (Im) is the sum
of a capacitive current (Ic) and a resistive current referred
to as Iion
Im ¼ Ic þ Iion: (1)
The capacitance current acts to charge the membrane
(excess charge accumulates at the lipid bilayer surfaces)
and is represented as
Ic ¼ CmdVm
dt
; (2)
where Cm is membrane capacitance and t is time. Iion is the
sum of many ionic currents (primarily potassium, sodium,
and calcium) flowing through channels in the membrane,
Vm is equal to Vi – Ve where Vi is intracellular potential
and Ve is extracellular potential. Most of the ionic currents
are nonlinear functions of Vm and t; for example, the rapidSubmitted August 27, 2012, and accepted for publication November 8, 2012.
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0006-3495/13/01/0268/11 $2.00sodium current (INa), which gives rise to fast membrane
depolarization, is typically represented mathematically as
INa ¼ gNaðVm  ENaÞ; (3)
where gNa is the sodium channel conductance, which is
a function of both Vm and t, and ENa is the Nernst equilib-
rium potential for sodium (1).
Voltage clamp (2) and patch clamp (3) methods involve
controlling Vm via a feedback current (equal to Im), which
is then analyzed to determine the voltage and time depen-
dence of ionic currents. Most clamp protocols involve
switching between constant values of Vm in an effort to
eliminate Ic such that the injected current is equal to Iion.
This feedback control approach has provided, to our knowl-
edge, much new information regarding transmembrane
ion currents (especially gating kinetics) and the effect of
pharmaceuticals, but is restricted by several limitations.
First, the experimental preparations and protocols used in
voltage-clamp studies are not physiological and the ex-
perimental conditions may modify channel behavior (4).
Second, the typical clamp waveforms are not the complex
upstrokes of propagating action potentials (which result
from a dynamic interplay of transmembrane and axial
currents as described in the Supporting Material; see
Fig. S1). Third, spatial homogeneity of Vm can be difficult to
maintain and assess. Fourth, the resistance and capacitancehttp://dx.doi.org/10.1016/j.bpj.2012.11.007
Quantification of Transmembrane Currents 269of the glass microelectrode and the input impedance of the
microelectrode electrometer limit the recording bandwidth
and hence can affect the accuracy of the measurements of
the most rapid transients in Vm. Most importantly, the
current amplitudes and maximum conductance values in
intact tissue depend on tissue parameters such as channel
density, membrane area, surface/volume ratio, axial conduc-
tivities, etc., which are extremely difficult to measure.
Therefore, although voltage-clamp results can be used to
characterize the voltage and time dependence of membrane
currents, computer simulations of conduction are employed
to determine how these membrane dynamics are related to
transmembrane current density and potentials during propa-
gation in intact tissue. Although there are considerable
experimental data regarding Vm that are used in the develop-
ment and validation of numerical models of propagation,
there is unfortunately a dearth of corresponding experi-
mental data on the amplitude and shape of transmembrane
currents during propagation in ventricular tissue. There
are no formulas to predict propagation behavior (e.g., action
potential shape, transmembrane currents, conduction
velocity, etc.) directly from gating kinetic equations.
Currents within intact tissue are particularly difficult to
measure directly and are often computed from recordings
of Ve gradients (5–7). During plane-wave propagation,
which is effectively one-dimensional (1-D), Im is also
proportional to the spatial gradient of axial currents (and
hence the second spatial derivative of potential):
Im ¼ CmDiv
2Vi
vx2
¼ CmDev
2Ve
vx2
; (4)
where Di (De) is the intracellular (extracellular) diffusion
coefficient in cm2/ms, and x is the direction of propagation.
Equation 4 is derived based on first principles (Ohm’s law
and the conservation of current). Inward Im behind the wave-
front is often called the driving source for action potential
propagation and the outward Im ahead of the wavefront is
considered the load or sink opposing propagation (see
Fig. S1).
In this work we present, to our knowledge, a novel meth-
odology to experimentally quantify cardiac transmembrane
currents from potential recordings during stable propagation
in the intact heart and provide the first values of both Im and
Iion during ventricular epicardial conduction. Our approach
is unique from alternatives involving measurements of
multiple extracellular/interstitial potentials acquired with
fine spatial sampling resolution because we compute trans-
membrane currents from high temporal resolution measure-
ments of intracellular potential at a single site using a
coordinate transformation based on conduction velocity
measurements. Numerical simulations of propagation using
four different representations of INa were also carried out
to allow comparison and insight into the characterization
and interpretation of our experimental results. Finally, weprovide, to our knowledge, a novel model of cardiac action
potential propagation incorporating experimentally derived
current-voltage relationships of both depolarization and
repolarization containing no gating variables and only six
parameters.METHODS
Overall approach
Here, we quantify Im, Iion, and Ic throughout the cardiac action potential
during stable propagation on the surface of the isolated rabbit heart using
high-speed (200 kHz) glass microelectrode recordings of Vi and Ve at one
site. We follow the pioneering approach of Jenerick (8–12), who proposed
a method to compute transmembrane currents from microelectrode re-
cordings of 1-D striated skeletal muscle fibers using the cable equation
(13) and converted spatial gradients to temporal gradients by assuming
stable propagation. We compute Im, Iion, and Ic according to
Iion ¼ Im  Ic ¼ CmDi
CV2
d2Vi
dt2
 CmdVm
dt
; (5)
where CV is conduction speed in the direction of propagation. Equation 5
includes the second temporal derivative of Vi and thus maintains the bido-
main representation (incorporating both intra- and extracellular regions) in
comparison to the monodomain (cable) equation, which instead contains
the second derivative of Vm (this is discussed in more detail below). To
reduce the dimensionality of the problem, we initiated planar propagation
either along (longitudinal) or across (transverse) fibers using multiple extra-
cellular stimulation electrodes (2). Stable, and nearly planar, wave propaga-
tion was observed in all hearts as assessed by the optical mapping data.
Fig. 1 shows example isochrone maps indicating the position of the wave
front at multiple instants demonstrating stable (i.e., constant CV), nearly
planar propagation in the longitudinal (panel A) and transverse (panel B)
directions on the surface of the rabbit heart.Experimental preparation
All experiments followed the guidelines of the National Institutes of Health
for the ethical use of animals in research and were approved in advance by
the Vanderbilt Institutional Animal Care and Use Committee. Optical data
acquisition, external stimulation, and laser illumination were all controlled
via custom software written in C. Six (n ¼ 6) New Zealand white rabbits of
either sex weighing at least 3 kg were preanesthetized with ketamine
(50 mg/kg), and then heparinized (1000 units) and anesthetized by pento-
barbital sodium injection (60 mg/kg) into an ear vein. After a midsternal
incision, the heart was removed and mounted on a Langendorff apparatus
for retrograde perfusion through the aorta with oxygenated (95% O2/5%
CO2) modified Tyrode’s solution of the following composition (mM):
133 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 1.5 NaH2PO4, 20 NaHCO3, and 10
glucose. The excitation-contraction uncoupler diacetyl monoxime was
added to the perfusate at a concentration of 15 mM (Invitrogen, Carlsbad,
CA) to eliminate contractile artifacts in the optical recordings. The temper-
ature and pH were maintained at 37

C and 7.4, respectively, and coronary
perfusion pressure was 50 mmHg. To stain the heart with a voltage-sensitive
dye, 200 mL of di-4-ANEPPS (Molecular Probes, Eugene, OR) of stock
solution (0.5 mg/mL dimethyl sulfoxide) was administrated via an injection
port above the aorta. A global electrocardiogram signal was continuously
monitored (and saved for all episodes) with an oscilloscope (Tektronix,
TDS5000B, Richardson, TX) using two Ag-AgCl pellet electrodes (EP8;
World Precision Instruments, Sarasota, FL) placed on opposite sides of
the heart. One additional heart was sacrificed to study ventricular fibrilla-
tion (VF) as described below.Biophysical Journal 104(1) 268–278
FIGURE 1 Isochrone maps from an isolated rabbit heart indicating the
position of the wavefront at 1 ms intervals for propagation in the longitu-
dinal (A) and transverse (B) directions. Wave propagation was initiated
just outside the field of view (indicated by an asterisk) and the position
of the microelectrode is indicated by M. The isochrone maps show nearly
planar propagation through this region because the isochrones are nearly
straight and parallel to each other.
270 Gray et al.Microelectrode recordings
To measure intra- and extracellular potentials, floating 3-M KCl-filled
microelectrodes were used. The microelectrodes were pulled from borosil-
icate glass capillaries (World Precision Instruments) by a micropipette
puller (Model P80/PC, Sutter Instrument, Novato, CA). The microelectrode
tips were mounted on 50-mm-diameter platinum wire. The Ag/AgCl refer-
ence electrode, 8 mm in diameter and 1 mm in thickness (EP8; World
Precision Instruments) was placed in the left ventricular cavity. To measure
intra- and extracellular potentials from the same site, the microelectrode
was gently pulled out from the cell after completion of the Vi recording
and thereafter the sequential recording of Ve from the same approximate
location was measured. Repeatability of the activation sequence was
ensured by the superposition of the two electrocardiograms. The microelec-
trode and reference outputs were connected to the input probes of a dual
differential electrometer (Model FD223, World Precision Instruments)
with a response time of 0.5 ms. The signals were digitized, and recordedBiophysical Journal 104(1) 268–278on a digital oscilloscope (Tektronix, TDS5000B). Microelectrode data
were digitized at 200 kHz and then Gaussian filtered with a width of
0.055 ms (11 points), downsampled and then saved at 20 kHz for analysis.
The frequency response of this Gaussian filter exhibits a half-decay
frequency of 21 kHz with no ringing. Thirty-two beats were averaged to
improve signal quality. This approach satisfies the most stringent require-
ment of 15 kHz proposed for recordings from Purkinje fibers (14). The
effect of sampling rate on our results is provided in the SupportingMaterial.
Recordings from one impalement within the field of view of the optical
recordings from each heart were analyzed. Derivatives were computed
using a two-point central difference. Because the Im waveform was indistin-
guishable from noise during repolarization, the peak outward ionic current
ðImaxion Þ was computed as the maximum value of the time derivative of Vm
computed using 15 data points (0.75 ms) via the Savitzky-Golay smoothing
method using a second order local polynomial regression around each point
(see horizontal arrow in Fig. 2 D). For VF, all derivatives were computed
using 5 data points using second order polynomial fitting (Savitzky-Golay
smoothing).Waveform characterization
In this work, we use the traditional approach of representing transmem-
brane currents as current density per unit membrane surface area, in units
of microamps per cm2 (mA/cm2). We computed the minima and maxima
values of Iion, Ic, and Im and the duration of the biphasic Im dipole during
depolarization ðIdurm Þ as the time interval between Iminm and Imaxm ; the duration
of inward ionic current ðIdurion Þ was computed as the width of the deflection
containing 90% of the peak amplitude. Charge was computed by integrating
the current waveforms, and the integration time was chosen to be 4 ms
centered on the zero crossing of Im (for VF, the integration time was chosen
to be 6 ms).Optical recordings
All recordings were from the epicardial surface of the anterior left ventricle.
The voltage-sensitive dye di-4-ANEPPS was excited by a diode-pumped,
solid-state laser (Verdi, Coherent, Santa Clara, CA) at a wavelength of
532 nm. The fluorescence emitted from the imaged area of the heart was
collected by a 52-mm lens (Tiffen, Hauppauge, NY) and passed through
a longpass filter (no. 25 Red, 607 nm, Tiffen). Images from an ~1 cm 
1 cm region from the surface of the rabbit heart (average region size
from all six hearts was 1.265 0.05 cm2) were recorded at 40  40 pixels
at 3 kHz via a 14-bit quad charge-coupled device camera (CardioCCD-
SMQ, RedShirtImaging, Decatur, GA). One hundred beats were averaged
to improve signal quality. The fluorescence action potential amplitude at
each site was normalized and the activation time at each site was deter-
mined as the time the fluorescence increased past 50% using linear interpo-
lation between frames (15).
Planar propagation was initiated both along (longitudinal) and across
(transverse) fibers using multiple extracellular stimulation electrodes
(16), and intracellular potentials for each heart were recorded from the
same impalement followed by extracellular recordings while repeating
the same pacing protocol. Propagation was initiated via low strength
(~1.5  threshold) stimulation just outside the imaging region at a cycle
length of 300 ms. Stable, and nearly planar, wave propagation was observed
in all hearts as assessed by the optical mapping data and CV was computed
from isochrone maps (15) at the site of microelectrode impalement as
identified visually (see Fig. 1). The value of Di in Eq. 5 was divided by
the square of the anisotropy ratio (AR2) for transverse propagation com-
putations where AR (2.45 5 0.15) was the anisotropic ratio computed
from the ratio of CVs resulting from elliptical wave propagation (see
Fig. S2) (17). We assume constant values for Cm (1 mF/cm
2) and Di
(0.001 cm2/ms) in the direction of fibers. The uncertainty of the values of
Cm and Di is discussed below.
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Values are presented as mean 5 standard error. Statistical analysis was
performed using paired two-tailed t-tests or one-tailed t-tests as appropriate.B
CRESULTS
In this work, we present, to our knowledge, the first ex-
perimental quantification of the three components of the
transmembrane current during planar wave propagation.
Accordingly, we address the issues of signal quality and
sampling rate as well as uncertainty in the values of Cm
and Di (see Table S1 and Table S2 and Figs. S3–S6). We
perform simulations of wave propagation for three ionic
models with different INa kinetics and compare them to
our experimental results. Because none of these ionic
models represented the time shape of the experimental
transmembrane currents, we performed simulations based
on our experimentally derived current-voltage relationships.
Finally, to show feasibility of our approach we estimate
transmembrane currents during VF.D
E
FIGURE 2 Microelectrode data. (A) Ve and (B) Vi recordings, (C) Vm
signal computed as difference of Vi and Ve, (D) the first derivative of the
Vm, and (D) the second derivative of the Vi signal from a glass
microelectrode.Experimental transmembrane current
quantification during pacing
The average CV for planar propagation computed at the site
of the microelectrode impalement from all hearts was 595
3 cm/s along fibers (longitudinal propagation, LP) and 325
3 cm/s across fibers (transverse propagation, TP) (p <
0.001; n ¼ 6). The average action potential amplitude
(APA) of Vm was 109 5 5 mV for LP and 112 5 2 mV
for TP (p ¼ 0.5). An example of the sequential microelec-
trode recordings of Ve and Vi from one site during LP is
shown in Fig. 2, A and B. The corresponding Vm trace, which
is computed, is shown in Fig. 2 C. The derivatives computed
from the Vm and Vi signals used to compute Ic and Im (see
Eq. 5) are shown in Fig. 2, D and E: Ic is proportional to
the first derivative of Vm (see Eq. 2) and Im is proportional
to the second derivative of Vi, as shown in Eq. 5.
The waveforms of Ic, Im, and Iion during depolarization
(only) are all shown in Fig. 3 A and follow the expected
time course predicted by simulations (18). Ic first increases
due to charging of the membrane during the foot of the Vm
upstroke of the action potential. Im first increases following
Ic, whereas Iion remains near zero and then becomes
negative as the inward sodium current acts to depolarize
the membrane. The maximal (positive) Ic ðImaxc Þ and the
minimal (negative) Iion ðImaxion Þ occur during depolarization
(i.e., at the wavefront). During depolarization, the fast
sodium current is known to dominate Iion and hence we
quantified gNa during propagation computed from the Iion(t)
and Vm data using Eq. 3 (assuming ENa¼ Vm,restþ 130 mV);
the average value of the maximal gNawas 5.05 1.0 mS/cm
2
for LP and 5.1 5 1.0 mS/cm2 for TP (p ¼ 0.9). We also
quantified the current-voltage relationship during theupstroke by plotting Iion during depolarization versus
normalized transmembrane potential (Vm), where V

m (t) ¼
Vm(t) – Vrest and normalized to the average APA of all
animals (see Fig. 3 B). We show the individual curves forBiophysical Journal 104(1) 268–278
AB
FIGURE 3 Experimental transmembrane currents during pacing
(depolarization only). (A) Current density (Ic, Im, and Iion) signals during
depolarization (wavefront). (B) The current-voltage relationship, Iion versus
Vm during depolarization, where V

m ¼ Vm – Vrest normalized to the aver-
aged APA of all animals. The mean and standard errors of all animals are
presented as symbols (Vm grouped into 5 mV bins), whereas the individual
curves of each animal are shown as solid lines.
A
B
FIGURE 4 Peak values of experimental transmembrane current and
charge densities during pacing (depolarization only). Average values and
standard errors for all animals (n ¼ 6) for both LP and TP are presented.
(A) Current density (Ic, Im, and Iion) during depolarization. The peak inward
phase of Im was statistically different than the peak outward phase, as
indicated by asterisks for both LP and TP. (B) Charge density (Qc, Qm,
and Qion) during depolarization.
272 Gray et al.each animal as solid lines and the mean data across animals
grouped into 5 mV bins are shown as symbols.
The extreme values of Ic, Im, and Iion during depolariza-
tion were not statistically different between LP and TP, as
shown in Fig. 4 A. For both directions of propagation, the
magnitude of the peak inward Im was greater than the
outward peak Im (p < 0.05), hence the waveform of Im
during depolarization was not symmetric with a larger
inward peak current. The maximum value of Im during
repolarization (data not shown) was 2.8 5 0.2 mA/cm2 for
LP and 3.05 0.3 mA/cm2 for TP (p¼ 0.2). During depolar-
ization, averages of the charge densities on the membrane,
Qc, Qm, and Qion, associated with each of the currents
were not dependent on the direction of propagation, as
shown in Fig. 4 B. During depolarization, inward and
outward charge Qm for both directions of propagation
were not statistically different, unlike for peak Im. Con-
sistent with previous investigators (10,11), we found
a significant (p ¼ 0.001) linear correlation between Iminion
and Imaxc slope ¼ 0.48; intercept ¼ 41.8).
The time interval between the peak outward and inward
Im during depolarization (i.e., I
dur
m ) was 0.27 5 0.01 msBiophysical Journal 104(1) 268–278for LP and 0.25 5 0.03 ms for TP (p ¼ 0.3). Peak inward
Iion (i.e., I
min
ion ) occurred during depolarization and its dura-
tion (i.e., Idurion was just over 1 ms (1.16 5 0.3 ms for LP
and 1.18 5 0.1 ms for TP, p¼0.9). The magnitude of
peak Ic was not equal to the magnitude of peak Iion (p <
0.05) nor were these peaks coincident; minimum Iion
occurred 0.14 5 0.01 ms (0.1 5 0.02 ms) later than peak
Ic for LP (TP), p < 0.05, one-tailed t-test of difference for
both LP and TP.Bidomain versus monodomain representation
We used the bidomain representation of the cable equation,
hence we computed Ic using Vm (see Eq. 2) but Im using Vi
(see Eq. 5). To assess whether the monodomain cable
equation is appropriate for this study (planar epicardial
propagation), we recomputed Im using the second derivative
of Vm (instead of the second derivative of Vi). The compar-
ison of the Im waveforms during depolarization (average
from all animals, time aligned to maximum of Ic) is shown
Quantification of Transmembrane Currents 273in Fig. S7 A. The two curves are basically superimposable,
suggesting that either approach is justified. Experimentally,
using microelectrodes, it would be easiest to apply the
monodomain cable equation using only Vi. Therefore, we
recomputed Ic using the first derivative of Vi (instead of
the first derivative of Vm). The comparison of the Ic
waveforms during depolarization is shown in Fig. S7 B.
The two curves are also superimposable, suggesting that
for the results presented here, using only intracellular data
to compute transmembrane currents is justified.ANumerical simulations using ionic models
In our simulations using the three ionic models (BR, BRDR,
and LRd) (19–21), the CV for action potential propagation
ranged from 47 to 64 cm/s. We chose these three models
because they incorporate different representations of INa,
(see Eq. 3) and we only simulated the depolarization
process. The time course of all transmembrane currents
(Ic, Iion, and Im) exhibited the expected shapes (18); Ic was
monophasic and positive, Iion was monophasic and negative,
and Im was biphasic. The depolarization simulation results
are provided for all three models in Table 1 (BR: gNa,max ¼
4.0 and ENa ¼ 50; BRDR: gNa,max ¼ 15.0 and ENa ¼ 40;
LRd: gNa,max ¼ 16.0 and ENa ¼ 55). The amplitude and
duration of Ic, Iion, and Im during depolarization were
model-dependent and could not be predicted a priori from
the model parameters. Im was biphasic, but not symmetric
with a larger negative phase. The values computed for Iminion
(during depolarization) varied <2% compared to peak
inward INa (a more detailed comparison is provided in
Fig. S8).BNovel experimentally derived current-voltage
relationships and corresponding simulations
Analytical relationships for Iion as a function of V

m during
propagation were found separately for depolarization and
repolarization by means of a symbolic regression algo-
rithm Eureqa (http://creativemachines.cornell.edu/eureqa_
download) (22). Symbolic regression was used to identifyTABLE 1 Results of simulations of 1-D propagation (Cm ¼
1 mF/cm2; Di ¼ 1 cm2/s), using previously published BR, BDR,
and LRd ionic models and our new parameterization fd (V )
BR BRDR LRd fd (Vm) LP TP
CV (cm/s) 47 64 62.2 53 59 32
Imaxc (mA/cm
2) 105 317 207 164 139 177
Imaxm (mA/cm
2) 67.7 178 130 92 102 89
Iminm (mA/cm
2) 75.5 237 226 141 159 119
Idurm (ms) 0.39 0.20 0.26 0.26 0.27 0.25
Iminion (mA/cm
2) 146 458 360 265 263 252
Idurion (ms) 1.8 0.78 0.66 1.36 1.16 1.18
gNamax-1D 2.35 11.0 5.98 2.0 5.0 5.1
LP ¼ longitudinal propagation; TP ¼ transverse propagation.equations and initial parameters which were adjusted
manually as described here.
For depolarization, the Iion curves for LP for all six
animals (see Figs. 3 B) were used as input to Eureqa. The
resulting function fd is our empirically derived ionic current
versus voltage relationship for depolarization:
fdðVÞ ¼ a1V  V
a2 þ a3V þ a4V2 : (6)
This function contains only four parameters (compared to
25 for LRd I ). The original parameters’ values a and aNa 1 2
were changed slightly (0.5% and 1%, respectively) to ensure
the appropriate membrane resistance at rest (V ¼ 0) (24).
Parameters a3 and a4 were altered 0.2% and 0.1%,
respectively, during the cable simulations to match the value
of Iminion . The values of the parameters are a1¼ 0.55; a2¼ 4.0;
a3 ¼ 0.1112; a4 ¼ 0.00082.
The analytical current-voltage relationship, function fr, for
Iion during repolarization was found by inputting dVm=dt
as a function of Vm for repolarization (only) for LP for all
six animals (see Fig. 5 A) to Eureqa. The resulting current
versus voltage relationship for repolarization wasFIGURE 5 Novel, to our knowledge, current-voltage relationship and
corresponding simulation results (repolarization). (A) Iion during repolari-
zation for all six animals (gray symbols) with our novel characterization
(i.e., Eq. 7) superimposed as a thick black line. (B) Vm for all six animals
(thin gray lines) with a simulated action potential during propagation using
our empirical characterization of Iion (see Eq. 6–8) superimposed as a thick
black line.
Biophysical Journal 104(1) 268–278
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274 Gray et al.frðVÞ ¼ b1V expðb2VÞ: (7)
Although the form of this function was determined
by Eureqa, unlike depolarization, parameter values were
adjusted significantly. Parameter b1 was set to match mem-
brane resistance at rest (24) and b2 was changed by 18% to
visually reproduce Iion at high membrane potentials (see
Fig. 5 A); final parameters values are: b1¼ 0.30; b2¼ 0.047.
These two functions, Eqs. 6 and 7, were used to simulate
propagation using the following equation
Cm
vV
vt
¼ CmDiv
2V
vx2
 fdrðVÞ; (8)
where the function fdr is equal to fd for vV/vtR 0 and fr for
vV/vt< 0. This equation is our cable equation, valid for both
depolarization and repolarization, which includes our
empirically derived current-voltage relationship. The result-
ing simulated action potential is shown as the dark curve in
Fig. 5 B, which also shows recordings of the propagating
action potentials from all six hearts. The equation repro-
duces well the shape and time course of the experimental
data. Imaxion during repolarization for the simulated action
potential was 2.4 mA/cm2, which compares favorably to
the experimental values of 2.8 for LP and 3.0 for TP. The
time courses of all three transmembrane currents during
depolarization for the simulated action potential are shown
in Fig. 6, along with the average data and errors from the
experimental data (all time-aligned to Imaxc vertical dashed
line). The corresponding transmembrane current waveforms
reproduced the time course of the experimental data during
the upstroke extremely well and much better compared to
the BR, BRDR, and LRd models, as shown in Table 1.FIGURE 6 Simulations of propagation using our novel, to our knowl-
edge, current-voltage relationships and correspondence to experimental
data (depolarization only). The time course of the action potential upstroke
(A) Im (B), and Iion (C) for our numerical simulations (thin black lines) using
the experimentally derived Iion(V) relationship presented in Eq. 6 along with
experimental data for LP (symbols represent average and standard error of
all six hearts). All data have been aligned to the time of Imaxc indicated by
a vertical dashed line.Transmembrane current quantification during VF
A five-second episode of VF was recorded with both the
charge-coupled device camera and a simultaneous recording
of Vi from a glass microelectrode. Activation times were
computed from both microelectrode and optical recordings
and were consistent with a mean difference of 1.3 ms.
Forty-five beats were identified from the optical recording,
from which we categorized 27 as having stable epicardial
propagation at the site of the microelectrode. The average
CV magnitude for all 27 beats was 28 5 3 cm/s (AR ¼
1.8 for this heart). A one second recording of Vi, the wave-
forms of Ic, Im, and Iion during depolarization (only), and
activation sequences are shown for two beats during VF in
Fig. 7. The average extreme values of Ic, Im, and Iion during
depolarization during VF are shown in Fig. 8 A; the magni-
tude of the peak inward Im was greater than the outward
peak Im (p < 0.05), hence the biphasic waveform of Im
during depolarization during VF was not symmetric with
a larger inward peak current. During depolarization, the
average values of the charge densities on the membrane,Biophysical Journal 104(1) 268–278Qc,Qm, and Qion, associated with each of the currents during
VF are shown in Fig. 8 B. Similar to planar propagation,
there was a significant (p < 0.05) linear correlation between
Iminion and I
max
c slope ¼ 2.0; intercept ¼ 0.1). Idurm was
increased 40% and the time difference between minimum
Iion and peak Ic was increased 90% compared to planar
propagation.DISCUSSION
The results presented here are relevant to all aspects of the
relationship between membrane currents and potential as
FIGURE 7 Transmembrane currents during experimental VF. (Top) One
second recording of Vi from a microelectrode on the surface of the rabbit
heart during VF. (Middle) Transmembrane currents during depolarization
corresponding to these two beats. (Bottom) Isochrone maps of two beats
(2 ms spacing).
A
B
FIGURE 8 Peak values of experimental transmembrane current and
charge densities during VF (depolarization only). Average values and
standard errors for all animals (n ¼ 6) are presented. (A) Current density
(Ic, Im, and Iion) during depolarization. The peak inward phase of Im was
statistically different than peak outward phase, as indicated by asterisks.
(B) Charge density (Qc, Qm, and Qion) during depolarization.
Quantification of Transmembrane Currents 275studied in basic electrophysiology experiments, simulations,
and theory, which have been tightly intertwined since the
pioneering work of Hodgkin and Huxley (1). Here, we
present the implications of our work for these three comple-
mentary facets of electrophysiology.Experiments
Our results include, to our knowledge, the first experimental
quantitative characterization of the waveforms of all three
cardiac transmembrane currents (Im, Iion, and Ic) during
planar propagation in intact ventricular tissue. Our measure-
ments of Im using glass microelectrodes are qualitatively
similar to the few previous experimental estimates obtained
from ventricular cardiac tissue using extracellular arrays to
measure Ve, but quantitatively different. Unlike the estima-
tion of Im using Ve as previous investigators (6,7,25), we
compute Im using the gold standard for Vm (microelectrodes)
that provides a measurement of actual values of potential
and hence transmembrane currents via a spatiotemporal
coordinate transformation.
In contrast to previous results (6,25), we found that the
biphasic waveform of Im during normal depolarization wasnot symmetric but there was a larger inward peak current,
although the corresponding charge delivered by each phase
was the same. Implications of this asymmetry are discussed
in the Supporting Material (see Fig. S9) as well in the
Theory section below. As far as we know, there is only
one study that reported the magnitude of Im; Coronel et al.
estimated the magnitude of peak Im to be ~35 mA/mm
3
(6), which is 7.6 mA/cm2 if we assume a surface/volume
ratio of 4600 cm1 (26). This is an order of magnitude
smaller than our estimate. We believe this difference can
be explained by their electrode spacing (300 mm). We
computed the duration of the biphasic Im during depolariza-
tion to be 0.27 ms, which is shorter than the 0.44 ms
computed (during sinus rhythm) by Witkowski et al. (25).
We can compute the width of the Im dipole as I
dur
m *CV,
which equals 159 mm (LP) and 86 mm (TP). Therefore, as
Wiley et al. (7) suggest, electrode spacing of <75 mm is
required to accurately compute Im from spatial gradients
of potential. Our results indicate that a temporal sampling
of ~20 kHz is required to compute Im accurately using our
approach (see Fig. S4); the corresponding electrode spacingBiophysical Journal 104(1) 268–278
276 Gray et al.for spatial sampling is 30 mm (LP) and 16 mm (TP). Hence,
the increased magnitude of Im in our results compared to that
of Coronel et al. (6) most likely reflects our use of high
temporal sampling, which corresponds to an order of magni-
tude higher effective spatial sampling compared to Coronel
et al. (6) In addition, considering that our value of peak Im is
an order of magnitude larger than the one previous estimate
(6), our uncertainty of 60% (see the Supporting Material) for
Im is tolerable, albeit larger. As far as we know, there are no
published values of measurements of Iion during propagation
in ventricular tissue.
Although the membrane kinetics of a plethora of ion
channels have been extensively characterized, almost
nothing is known about how the multiplicity of channels
function together and affect the dynamics of propagation
in tissue. Our experimental approach is a first step in quan-
tifying and understanding the complex process of wave
propagation through the heart resulting from the interplay
of transmembrane and axial currents and potentials. It is
important to note that, unlike most voltage-clamp studies
in which Iion(t) ¼ Ic(t), during propagation Iion s Ic
(because Im s 0, see Eq. 1 and Eq. 4). Our results show
that the magnitude of Iion is larger than (and not coincident
with) Ic. It is well known that (vVm/vt)max of the action
potential upstroke, which is thought to be a reflection of
peak inward INa, is less during propagation compared to
the single cell because of the loading imposed by the fact
that cells are imbedded within a tissue with axial resistance.
For example, (vVm/vt)max for isolated rabbit cells is over
400 mV/ms (27), which is more than twice the value we
measured during propagation.Computer simulations
Detailed ionic cellular models have been developed based
on specific gating kinetics derived from voltage- and
patch-clamp studies. These models are routinely used to
study propagation in cardiac tissue and the model parame-
ters (primarily gNamax but also axial resistivity and
surface/volume ratio) are adjusted to match the desired
value of CV. These models cannot be expected to reproduce
the specific details of propagation because no data from
propagation were included in the development and valida-
tion of these models. We suggest that a more rigorous
approach is required to develop models of propagation
and our experimental results contain information to guide
the development, modification, and validation of multicel-
lular electrophysiological models. In contrast to detailed
ionic models, models of reduced complexity allow unique
insight via a bridge with theoretical approaches (24,28).
Our simulations of propagation using our experimentally
derived current-voltage relationships (Eq. 6–8) contain
only six parameters and reproduce the time course of trans-
membrane currents better than the traditional representa-
tions of INa (see Table 1). We believe that this representsBiophysical Journal 104(1) 268–278a fundamentally new approach in computational modeling.
Traditionally, investigators fit experimental data to equa-
tions determined a priori, and the choice of these functions
is often empirical. Here, a symbolic regression algorithm
(Eureqa) (22) was used to identify the equations for the
I-V relationship during depolarization (Eq. 6), and repolar-
ization (Eq. 7). Both Eq. 6 and Eq. 7 are well behaved in that
they do not give rise to spurious oscillations like generic
polynomials. The I-V curve for repolarization, (fr) with
only two parameters, is similar to the time-independent
potassium current (IK1), which dominates during rapid repo-
larization (phase 3) that contains 10 or more parameters in
traditional ionic models.Theory
Theoretical analysis of the cable equation over the past 50
years has improved our understanding of wave propagation.
This work provides significant insight into the relationship
of the nonlinear I-V curve and propagation characteristics
such as CVand the wavefront shape. CVand the exact shape
of the propagating upstroke are interrelated and depend on
the complex interdependence of axial and transmembrane
current pathways as shown in Fig. S1. One advantage of
theoretical studies is that analytical descriptions relating
CVand wavefront shape to I-V can be formulated in certain
situations. One of the restrictions for analytical predictions
is that the shape of the wavefront (hence Im) is symmetric
(29,30). Our results suggest that theoretical work on how
wavefront asymmetry affects wave propagation is of para-
mount importance in cardiac electrophysiology. Although
cubic and quintic functions for fd can be used to determine
CV analytically (29), we found that these functions did
not represent the data as well as our empirically derived
Eq. 6. Although, to our knowledge, our novel model repre-
sents the complete action potential shape during propaga-
tion, threshold, the membrane resistance at rest, and
during the plateau, it does not contain any gating variables
and thus will not exhibit action potential duration or CV
restitution. Adding one or more gating variables could
rectify this limitation and still maintain analytical tracta-
bility similar to the Fitzhugh approach (31).Limitations
Consistent with similar previous studies (5,8,9,11,32), all
the results in this study are based on the assumption of stable
propagation in which the spread of electrical activity
through the three-dimensional heart is effectively reduced
to a 1-D problem by assuming no dependencies in the direc-
tions perpendicular to the direction of propagation. This
assumption is accurate (and bidomain is equivalent to the
monodomain) as long as propagation is planar and either
parallel or perpendicular to the fiber direction (33). Our
data in Fig. S7 show that both Im and Ic are the same whether
Quantification of Transmembrane Currents 277they are computed from Vi or Vm, supporting our assumption
of planar propagation. We neglected transmural effects, but
we estimated this contribution to be <5% (see in the Sup-
porting Material Eqs. S3–S5, and Fig. S10). The effect of
curvature could be included analytically, with caution
regarding high curvature and anisotropy, via Eqs. 4 and 5
(34–36). The values of Cm and Di in cardiac tissue are
extraordinarily difficult to measure and quantify. Therefore,
as is common in the field of cardiac electrophysiology, we
assumed constant values for Cm and Di in ventricular epicar-
dial tissue, even though there are considerable differences of
Cm among cell types and significant variability of the re-
ported values for Di (37). We discuss the uncertainty within
our data and the parameters Cm and Di in regard to our
results in the Supporting Material; a much more compli-
cated issue is the true sources of experimental measurement
variability. Here, we assume that Cm is constant (see Eq. 2)
and hence our experimental variability of Ic is comparable to
(dVm/dt)max in previous studies (38). However, the more
fundamental issue is the relative contribution of the true
underlying variability (animal-to-animal, spatial, temporal,
etc.) of physiological parameters (e.g., Cm, axial conductiv-
ities, surface/volume ratio, etc.) to the experimental
measurement variability of our transmembrane currents.
The use of diacetyl monoxime may affect transmembrane
current values, although our CV values compare favorably
to those for epicardial propagation on the surface of the
rabbit heart in control (39) and with 15 mM diacetyl monox-
ime (40). Our approach should allow for the separation of
Iion into its species components using pharmacological
interventions to selectively block specific ion currents, but
only if these interventions allow stable propagation.CONCLUSIONS
In this work we present 1), the first, to our knowledge,
experimental quantitative characterization of the waveforms
of all three cardiac transmembrane currents (Im, Iion, and Ic)
during planar propagation; and 2), a numerical model
derived from the experimental data that reproduces these
waveforms better than traditional ionic models. These
results provide previously unavailable information that can
be used to develop, modify, and validate mathematical
models of propagation in cardiac tissue. Our work provides
the experimental and theoretical basis to tease apart the
dynamic interplay of Im, Iion, and Ic during stable propaga-
tion and provides quantitative insight into the relative roles
and interdependence of active membrane dynamics and
passive axial resistance. We demonstrate the feasibility of
our approach by showing estimates of transmembrane
currents during VF. We suggest that our approach provides
similar and complementary data to voltage- and patch-
clamp methodologies; thus, the quantification of the effects
of pharmaceuticals on transmembrane currents using our
approach is envisioned. In addition, the potential applica-bility of our approach and the accompanying insight to
transmural propagation in the wedge preparation (41) is
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